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Objective: Hedgehog signalling is mediated by the primary cilium and promotes cartilage degeneration
in osteoarthritis. Primary cilia are inﬂuenced by pathological stimuli and cilia length and prevalence are
increased in osteoarthritic cartilage. This study aims to investigate the relationship between mechanical
loading, hedgehog signalling and cilia disassembly in articular chondrocytes.
Methods: Primary bovine articular chondrocytes were subjected to cyclic tensile strain (CTS; 0.33 Hz, 10%
or 20% strain). Hedgehog pathway activation (Ptch1, Gli1) and A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 5 (ADAMTS-5) expression were assessed by real-time PCR. A chondrocyte cell
line generated from the Tg737ORPK mouse was used to investigate the role of the cilium in this response.
Cilia length and prevalence were quantiﬁed by immunocytochemistry and confocal microscopy.
Results: Mechanical strain upregulates Indian hedgehog expression and activates hedgehog signalling.
Ptch1, Gli1 and ADAMTS-5 expression were increased following 10% CTS, but not 20% CTS. Pathway
activation requires a functioning primary cilium and is not observed in Tg737ORPK cells lacking cilia.
Mechanical loading signiﬁcantly reduced cilium length such that cilia became progressively shorter with
increasing strain magnitude. Inhibition of histone deacetylase 6 (HDAC6), a tubulin deacetylase, pre-
vented cilia disassembly and restored mechanosensitive hedgehog signalling and ADAMTS-5 expression
at 20% CTS.
Conclusions: This study demonstrates for the ﬁrst time that mechanical loading activates primary cilia-
mediated hedgehog signalling and ADAMTS-5 expression in adult articular chondrocytes, but that this
response is lost at high strains due to HDAC6-mediated cilia disassembly. The study provides new
mechanistic insight into the role of primary cilia and mechanical loading in articular cartilage.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The primary cilium is a singular, immotile organelle elaborated
by the majority of cells during interphase1. Structurally the cilium
comprises a centriole-derived basal body from which projects an
axoneme composed of acetylated microtubules. The axoneme is
sheathed in a specialised ciliary membrane and forms a compart-
ment which functions as a hub for numerous signalling pathways: C.L. Thompson, Institute of
ciences, Queen Mary Univer-
82-9307.
.L. Thompson), j.p.chapple@
.M. Knight).
s Research Society International. Psuch as Wnt2, PDGF-a3 and hedgehog signalling4e6. The majority of
chondrocytes exhibit a primary cilium and the size of this signalling
compartment is inﬂuenced by pathological stimuli, including me-
chanics and inﬂammatory cytokines7,8. This may be responsible for
the increase in primary cilia length and prevalence observed in
osteoarthritic cartilage9. Previous studies have established that the
chondrocyte primary cilium is required for mechanotransduction10
and the response to osmotic loading11, with genetic inhibition of
primary cilia assembly leading to the development of
osteoarthritic-like cartilage12.
The primary cilium is assembled and maintained by intra-
ﬂagellar transport (IFT), a microtubule based motility present in the
axoneme. IFT conveys axonemal precursors and signalling proteins
along the length of the cilium towards the distal tip and returns
them to the basal body13. Genetic mutation of IFT proteins and/orublished by Elsevier Ltd. All rights reserved.
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and function and are responsible for a group of related disorders
termed ciliopathies14. Given their shared requirement for IFT, a
correlation is often observed between the length of the cilium and
its function15e17. Indeed, Tran et al. reported that a 27% reduction in
retrograde transport is sufﬁcient to disrupt both cilia morphology
and hedgehog signalling17. Alterations in cilia length have been
reported in several pathological conditions including osteoarthritis
(OA)9,18,19.
Hedgehog signalling regulates the activity of a family of bi-
functional transcription factors called Gli proteins20. A func-
tioning primary cilium is essential for this pathway5. In the absence
of hedgehog ligands, Gli proteins are modiﬁed within the ciliary
compartment promoting formation of transcriptional repressors5.
Binding of the hedgehog ligand to its receptor, Patched (Ptch1),
releases the repression of a second transmembrane protein
Smoothened (Smo)5,6. Upon activation, Smo trafﬁcs into the cilium
where it promotes the formation of Gli activators and the expres-
sion of hedgehog target genes4,5.
Hedgehog signalling is aberrantly activated in osteoarthritic
cartilage where it promotes chondrocyte hypertrophy and the
expression of catabolic enzymes such as matrix metalloproteinase
13 (MMP-13) and A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 5 (ADAMTS-5) leading to cartilage
degeneration21,22. The level of pathway activation correlates with
the severity of the OA phenotype. Inhibiting hedgehog signalling
attenuates disease severity in OA models highlighting the potential
of this pathway as a therapeutic target21,22.
Indian hedgehog (Ihh) is the major hedgehog ligand expressed
in cartilage and regulates chondrocyte proliferation and differen-
tiation during development23. Ihh expression is increased in early
cartilage lesions24 and in osteoarthritic cartilage in associationwith
chondrocyte hypertrophy22. However the mechanisms responsible
for this are unknown. While several in vitro and in vivo studies have
shown that Ihh expression is regulated by mechanical stimuli
during skeletal development25,26, the mechanosensitivity of this
pathway has not been examined in healthy adult chondrocytes.
This study tests the hypothesis that hedgehog signalling is
mechanosensitive in adult articular chondrocytes and examines the
role of the primary cilium in this response. We show that me-
chanical strain promotes Ihh expression and hedgehog pathway
activation. However, while mechanosensitive Ihh expression was
found to be independent of ciliary function, pathway activation did
not occur at high magnitude strain as a result of primary cilia
disassembly. We identify a role for the tubulin deacetylase histone
deacetylase 6 (HDAC6) in mechanosensitive cilia disassembly and
show that inhibition of this enzyme prevents disassembly and re-
stores mechanosensitive hedgehog signalling and ADAMTS-5
expression. Thus we reveal the chondrocyte primary cilia struc-
tureefunction relationship and how this is modulated by me-
chanical loading. We propose that cilia disassembly is
chondroprotective, reducing enzymatic cartilage degradation in
response to high magnitude strain.
Methods
Cell isolation and culture
Forefeet from freshly slaughtered adult bovine steers (aged 18e
24 months) were obtained from a local abattoir and primary
articular chondrocytes isolated by enzymatic digestion as previ-
ously described27. Chondrocytes were cultured in Dulbecco’s
Modiﬁed Eagles Medium (DMEM) supplemented with 10% (v/v)
fetal calf serum (FCS), 1.9 mM L-glutamine, 96 U/ml penicillin,
96 mg/ml streptomycin, 19 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer, and 0.74 mM L-ascorbic
acid (Sigma Aldrich). Cells were seeded onto collagen I coated
BioFlex membranes and cultured at 37C, 5% CO2 for 6 days
without passage.
Conditionally immortalised wild-type (WT) and Tg737ORPK
(ORPK) mouse chondrocyte cell lines were generated as previously
described10. Chondrocytes were maintained in DMEM supple-
mented with 10% (v/v) FCS, 88 U/ml penicillin, 90 mg/ml strepto-
mycin and 2.5mM L-glutamine. Immortalised cellsweremaintained
under permissive conditions at 33C, 5% CO2 in the presence of
10 nM interferon-g (IFN-g). For experiments, cells were seeded onto
collagen I coated BioFlex membranes and cultured for 24 h then
washed and cultured under non-permissive conditions at 37C
without IFN-g for 4 days. WT chondrocytes express Acan and Col2a
and have been shown to exhibit mechanosensitive gene expression
andproteoglycanproduction in response todynamic compression10.
Application of mechanical strain
Uniform, equibiaxial cyclic tensile strain (CTS) was applied to
chondrocytes using the Flexcell FX4000-T system with circular
loading posts with a diameter of 25 mm. To ensure only chon-
drocytes that experience a uniform strain ﬁeld were studied; the
cells at the periphery of each well were removed by aspiration 3
days prior to loading. Cells were subjected to 10% or 20% CTS for 1 h
at 0.33 Hz under serum-free conditions. For unstrained controls,
chondrocytes were cultured in an identical manner but without the
application of strain.
Immunoﬂuorescence and confocal microscopy
Chondrocytes were ﬁxed with 4% paraformaldehyde (PFA) for
10 min followed by detergent permeabilisation with 0.5% Triton X-
100 and blocking for 1 h with 5% goat serum. The BioFlex
membrane was excised and cells were incubated with primary
antibodies at 4C overnight in a humidiﬁed chamber. Mouse
monoclonal anti-acetylated tubulin, clone 611B-1 (1:2000; Sigma
Aldrich) and rabbit polyclonal anti-Arl13b (1:2000; Proteintech)
were used for the detection of the ciliary axoneme. Rabbit poly-
clonal anti-HDAC6 (1:250, Abcam) was used for the detection of
HDAC6 in the cilium. Following repeated washing in phosphate
buffered saline (PBS), cells were incubated with appropriate
Alexa488 and Alexa594 conjugated secondary antibodies (Molec-
ular Probes) for 1 h at room temperature and nuclei were detected
with 1 ug/ml 40,6-diamidino-2-phenylindole (DAPI). Following
repeated washing, membranes were mounted with Prolong gold
reagent (Molecular Probes).
Samples were imaged using a Leica TCS SP2 confocal microscope
with a 63, 1.3-NA lens (Leica Microsystems, Wetzlar, Germany).
Primary cilia length and prevalence were measured as described
previously8. In summary, confocal Z-stacks were obtained
throughout the entire cellular proﬁle with a Z-step size of 0.5 mm
and an image format of 1024  1024 pixels. This produced an xy
pixel size of 0.232 mm  0.232 mm. Z-stacks were reconstructed
and an xy maximum intensity projection generated for measure-
ment of cilia prevalence and length using Image J software.
RNA extraction, cDNA synthesis and real-time PCR
Total RNA was isolated from individual wells immediately after
loading using an RNeasy Kit (Qiagen) according to the manufac-
turer’s protocol. RNA integrity was conﬁrmed by gel electropho-
resis. For each sample 1 mg total RNA was converted to cDNA using
the Quantitect reverse transcription kit (Qiagen) according to the
manufacturer’s instructions. This kit incorporates a DNase step for
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cDNA were quantiﬁed using the Nanodrop ND-1000 spectropho-
tometer (LabTech, East Sussex, UK).
For real-time PCR, reactions were performed in 10 ml volumes
containing 1 ml cDNA (diluted 1:2), 5 ml KAPA SYBR FAST Universal
2 qPCR Master Mix (KAPA Biosystems) containing SYBER-green
dye, 0.2 ml ROX reference dye and 1 ml optimised primer pairs
(listed in Table I). An annealing temperature of 60C was used for
PCR reactions and ﬂuorescence data was collected using the
MX3000P QPCR instrument (Stratagene). Samples were run in
triplicate to minimise pipetting errors. Data was analysed using the
relative standard curve method and target genes were normalised
to GAPDH28,29, the expression of whichwas not signiﬁcantly altered
by the experimental conditions used in this study (see Fig. S1).
Data analyses
All statistical analyses were conducted using Graph Pad Prism
6.01 (GraphPad, La Jolla, CA, USA). Data is presented as mean values
with 95% conﬁdence intervals (CI). For primary articular chon-
drocytes an experiment is deﬁned as follows: cells were isolated
from a pool of cartilage taken from a minimum of three donors to
ensure a heterogeneous population of cells for each experiment. For
work using cell lines an experiment is deﬁned as a single passage of
the cells. Experiments were performed in duplicate unless other-
wise stated. For real-time PCR, each analysis comprised 6e10 rep-
licates per condition (deﬁned as n through the manuscript) where
one replicate was a single well of a tissue culture plate. For primary
cilia length, prevalence and Ki-67 data, a replicate or n is deﬁned as
a single ﬁeld of cells. Each analysis comprised 15e20 replicates per
condition (deﬁned as n through the manuscript). Following
normality testing (ShapiroeWilk test) data was assessed by un-
paired Student’s t test or by two-way ANOVA with post hoc Bon-
ferroni t tests. Comparisons weremade between treated or strained
samples and the experimental control. Differences were considered
statistically signiﬁcant at 0.05.
Results
Mechanical strain upregulates Ihh and activates hedgehog signalling
in primary chondrocytes in a strain dependent manner
In primary bovine articular chondrocytes, the expression of Ihh
was increased in response to both 10% and 20% CTS relative to theTable I
Primer sequence information
Accession no. Gene Sequence Species
NM_001076870 Indian
Hedgehog
F-GCTTCGACTGGGTGTATTACG
R-GTCTCGATGACCTGGAAAGC
Bovine
NM_001205879 Patched 1 F-ATGTCTCGCACATCAACTGG
R-TCGTGGTAAAGGAAAGCACC
Bovine
NM_001099000.1 Gli1 F-ACCCCACCACCAGTCAGTAG
R-TGTCCGACAGAGGTGAGATG
Bovine
NM_001166515 ADAMTS-5 F-GCCCTGCCCAGCTAACGGTA
R-CCCCCGGACACACACGGAA
Bovine
NM_001034034 GAPDH F-GACAAAATGGTGAAGGTCGG
R-TCCACGACATACTCAGCACC
Bovine/Murine
NM_010544.2 Indian
Hedgehog
F-GCTTCGACTGGGTGTATTACG
R-GTCTCGATGACCTGGAAAGC
Murine
NM_008957.2 Patched 1 F-GCAGAGGACTTACGTGGAGG
R-CTGACAGTGCAACCAACAGG
Murine
NM_010296.2 Gli1 F-CCAAGCCAACTTTATGTCAGGG
R-AGCCCGCTTCTTTGTTAATTTGA
Murine
NM_011782.2 ADAMTS-5 F-GGATGTGACGGCATTATTGG
R-GGGCTAAGTAGGCAGTGAAT
Murineunstrained (noCTS) control [10%: P ¼ 0.026; 20%: P ¼ 0.043;
Fig. 1(A)]. Hedgehog pathway activation was assessed by moni-
toring changes in the expression of Gli1 and Ptch1. The expression
of these genes was increased following 10% CTS [Gli1: P ¼ 0.007;
Ptch1: P¼ 0.046; Fig. 1(B) and (C)] indicative of pathway activation.
Despite the induction of Ihh, pathway activation was not observed
in response to 20% CTS [Gli1: P > 0.999; Ptch1: P > 0.999; Fig. 1(B)
and (C)].
The primary cilium is required for mechanosensitive hedgehog
signalling in chondrocytes
An immortalised chondrocyte cell line generated from the
Tg737ORPK mouse was used to investigate the role of the primary
cilium in the mechanical regulation of hedgehog signalling. In ORPK
chondrocytes primary cilia are disrupted due to a hypomorphic mu-
tation in the Ift88 gene, the protein product of which is essential for
IFT and thus cilia assembly and maintenance8,10. In WT cultures
80  13% of cells elaborated a primary ciliumwith a mean length of
3.25  0.3 mm [Fig. 2(A)e(C)]. By contrast, only 13  9% of cells
exhibited a cilium in ORPK chondrocyte cultures [Fig. 2(B)]. Further-
more, the cilia elaborated by ORPK cells were shorter than those in
WT cells with a mean length of 1.81  0.3 mm [P < 0.001; Fig. 2(C)].
Chondrocytes were treated for 24 h with 1 mg/ml recombinant
Indian hedgehog ligand (r-Ihh) to establish the role of the cilium in
ligand-mediated hedgehog signalling [Fig. 2(D) and (E)]. In WT
chondrocytes, the expression of Gli1 and Ptch1 was increased in
response to r-Ihh treatment conﬁrming pathway activation [Gli1:
P < 0.001; Ptch1: P ¼ 0.020; Fig. 2(D) and (E)]. In ORPK chon-
drocytes the expression of these genes was not altered by r-Ihh
treatment [Gli1: P > 0.999; Ptch1: P > 0.999; Fig. 2(D) and (E)]
indicating the cilium/IFT is required for this response. To determine
the role of the cilium in mechanosensitive hedgehog signalling, WT
and ORPK chondrocytes were subjected to 10% CTS for 1 h
[Fig. 2(F)e(H)]. The expression of Ihh was increased by CTS in both
WT and ORPK chondrocytes relative to the noCTS control [WT:
P ¼ 0.028; ORPK: P ¼ 0.015; Fig. 2(F)]. In WT chondrocytes, Gli1
expression was increased following 10% CTS (P ¼ 0.036) suggesting
hedgehog signalling is activated [Fig. 2(G)]. Ptch1 expression was
also increased although the difference was not signiﬁcant, this
suggests the pathway is activated to a lesser extent in response to
mechanical strain compared to r-Ihh treatment [Fig. 2(H)]. In ORPK
chondrocytes, Gli1 and Ptch1 expression were not altered by strain
(Gli1: P > 0.999; Ptch1: P > 0.1658). Thus it appears that the pri-
mary cilium is not required for mechanosensitive Ihh expression
but is necessary for signal transduction and pathway activation.
Primary cilia disassemble in a strain dependent manner
Previous studies have shown that mechanical stimuli trigger
cilia disassembly in numerous cell types including chon-
drocytes7,15,30,31. Given the importance of the cilium for chon-
drocyte hedgehog signalling, changes in cilia length and prevalence
were monitored in response to strain by confocal microscopy. Pri-
mary bovine articular chondrocytes were subjected to strain then
immediately ﬁxed and processed for immunoﬂuorescent labelling.
Primary cilia were labelled for the axoneme marker acetylated a-
tubulin and for Arl13b, which labels the ciliary membrane. Within
the cilium Arl13b and acetylated a-tubulin fully overlapped
[Fig. 3(A)]. Primary cilia prevalence was not altered in response to
mechanical strain [Fig. 3(B)]. However, primary cilia length was
signiﬁcantly reduced in cells subjected to 20% CTS relative to the
noCTS control [P< 0.001; Fig. 3(A) and (C)]. Mean cilium lengthwas
reduced from 2.48 mm  0.1 to 2.11 mm  0.1, a disassembly of
approximately 15.1% which was highly reproducible.
Fig. 1. Mechanical strain upregulates Ihh expression and activates hedgehog signalling in articular chondrocytes. Changes in (A) Ihh, (B) Gli1 and (C) Ptch1 gene expression for
primary bovine articular chondrocytes subjected to CTS for 1 h at 10% or 20% strain. Data is expressed as a fold change relative to the mean of the unstrained (noCTS) control group.
Data represents mean  CI (n ¼ 8). Data was analysed by two-way ANOVA with post hoc Bonferroni corrected t-test.
Fig. 2. The primary cilium is required for chondrocyte hedgehog signalling. (A) Representative confocal maximum intensity Z projections showing primary cilia immuno-
ﬂuorescently labelled in WT and ORPK chondrocytes cultured in the absence of strain. The cilium was labelled with antibodies directed to acetylated a-tubulin (red) while nuclei
were counterstained with DAPI (blue). Scale bar represents 20 mm. (B) Primary cilia prevalence (n ¼ 10) and (C) primary cilia length for WT and ORPK chondrocytes (n ¼ 10).
Statistical signiﬁcance was assessed by Student’s t test. Changes in (D) Gli1 and (E) Ptch1 gene expression for WT and ORPK chondrocytes treated with 1 mg/ml r-Ihh for 24 h.
Changes in (F) Ihh, (G) Gli1 and (H) Ptch1 gene expression for WT and ORPK chondrocytes subjected to 10% CTS for 1 h. Gene expression data is expressed as a fold change relative to
the mean of the untreated or unstrained control group. Data is presented as mean  CI (n ¼ 6e10). Statistical signiﬁcance was assessed by two-way ANOVAwith post hoc Bonferroni
corrected t-test.
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Fig. 3. Primary cilia disassemble in response to mechanical strain. (A) Representative confocal maximum intensity Z projections of primary bovine articular chondrocytes
showing primary cilia following 1 h 20% CTS and the noCTS control. Acetylated a-tubulin (red); Arl13b (green) and nuclei (blue). Scale bar represents 20 mm. Primary cilia (B)
prevalence and (C) length for primary articular chondrocytes subjected to CTS for 1 h at 10% and 20% strain. (D) The % of Ki-67 positive cells in unstrained cells and those subjected
to 10% and 20% CTS. Data is expressed as the fold change relative to the mean of the unstrained samples and represents mean  CI (n ¼ 15e20). Statistical signiﬁcance was assessed
by two-way ANOVA with post hoc Bonferroni corrected t-tests.
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with the cell cycle and cilia resorption occurs upon cell cycle re-
entry1. Cell-cycle status was examined using the nuclear marker Ki-
67. Nuclear Ki-67 is expressed by cells during all active phases of the
cell cycle (G1, S, G2, and mitosis), but is absent from resting cells
(G0). Bovine articular chondrocytes were subjected to CTS for 1 h
then cultured for a further 24 h prior to ﬁxation. There was no
difference in the proportion of Ki-67 positive cells between strained
and unstrained groups [Fig. 3(D)] indicating ciliary resorption does
not occur as a result of cell cycle re-entry. Moreover, there was no
signiﬁcant difference in % viability between strained and un-
strained cells which remained above 98% throughout the course of
the study.Mechanosensitive cilia disassembly requires HDAC6
Previous studies have implicated the tubulin deacetylase HDAC6
in cilia resorption which is proposed to modulate cilia length
through the deacetylation and subsequent destabilisation of ciliary
microtubules18,32,33. To explore the role of HDAC6 in mechano-
sensitive cilium disassembly, HDAC6 function was inhibited using
trichostatin A (TSA) and tubacin. TSA is a broad spectrum HDAC
inhibitor while tubacin speciﬁcally targets the tubulin deacetylase
domain of HDAC633. Following protocols used in previous studies,
primary bovine articular chondrocytes were pre-incubated with
7 nM TSA, 500 nM tubacin or the carrier DMSO (control) for 3 h
prior to and during the application of 20% CTS34. Both TSA andtubacin prevented strain-induced cilium disassembly indicating
HDAC6 is required for this response [Fig. 4(A)]. Consistent with this
ﬁnding, examination of HDAC6 distribution in articular chon-
drocytes revealed that while the majority of HDAC6 staining is
cytoplasmic, HDAC6 is also found within the ciliary axoneme
[Fig. 4(B)]. HDAC6 staining within the cilium is punctate and occurs
along the entire length of the axoneme [Fig. 4(B), insert].
The data presented so far indicates that HDAC6 inhibition res-
cues the cilia disassembly observed in response to 20% CTS. If the
absence of hedgehog pathway activation at this strain magnitude is
due to HDAC6-dependent axoneme destabilisation and cilia disas-
sembly then inhibiting tubulin deacetylation would be expected to
rescue mechanosensitive hedgehog signalling. Consistent with this
hypothesis, tubacin treatment restored mechanosensitive hedge-
hog signalling such that the expression of Ptch1 was increased
following 1 h 20% CTS relative to the noCTS control [P < 0.001;
Fig. 4(C)]. By contrast, the expression of Gli1 was not increased by
mechanical strain [P ¼ 0.956; Fig. 4(D)].Cilia disassembly inhibits mechanosensitive ADAMTS-5 expression
Despite reports that Ihh functions as a mechanotransduction
mediator to promote chondrocyte proliferation during embryonic
development26,35; cell-cycle status was not altered by strain in
articular chondrocytes suggesting proliferation is not increased in
these cells [Fig. 3(D)]. Previous studies have reported that hedge-
hog signalling promotes ADAMTS-5 expression in human articular
Fig. 4. HDAC6 modulates strain-induced cilia disassembly and hedgehog signalling. (A) Primary cilia length for bovine articular chondrocytes subjected to 20% CTS for 1 h in the
presence of TSA (7 nM), Tubacin (500 nM) or the carrier DMSO (control). Data represents mean  CI (n ¼ 15). Statistical signiﬁcance was assessed by two-way ANOVAwith post hoc
Bonferroni corrected t-tests. (B) Representative confocal maximum intensity Z projection showing HDAC6 (green) localised to the primary cilium immunoﬂuorescently labelled for
acetylated a-tubulin (red). Nucleus counterstained with DAPI (blue). Scale bar represents 20 mm, lower panel shows magniﬁed view of the cilium. Ptch1 (C) and (D) Gli1 gene
expression for primary articular chondrocytes subjected to 20% CTS for 1 h in the presence of Tubacin (500 nM) or the carrier DMSO (control). Data represents mean  CI (n ¼ 6).
Data is expressed as a fold change relative to the mean of the untreated or unstrained control group. Statistical signiﬁcance was assessed by two-way ANOVA with post hoc
Bonferroni corrected t-tests.
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examined in response to 10% and 20% CTS. Consistent with
hedgehog pathway activation, the expression of ADAMTS-5 was
increased following 10% CTS [P < 0.001; Fig. 5(A)]. ADAMTS-5
expression was not upregulated in response to 20% CTS
[P> 0.999; Fig. 5(A)] consistent with the lack of hedgehog pathway
activation at this strain magnitude. Finally, mechanosensitive
ADAMTS-5 expression at 20% strain was restored when cells were
subjected to strain in the presence of tubacin [P ¼ 0.010; Fig. 5(B)].
Thus inhibiting cilia disassembly rescued both mechanosensitive
hedgehog signalling and ADAMTS-5 expression in bovine chon-
drocytes which were lost at 20% strain.
Discussion
In this study, primary articular chondrocytes were subjected to
variable levels of mechanical strain in 2D culture. For the ﬁrst time
we demonstrate that hedgehog signalling is mechanosensitive in
adult chondrocytes and that pathway activation requires the pri-
mary cilium. Moreover we show that the chondrocyte primary
cilium disassembles in response to CTS in a strain dependent
manner. Cilium disassembly in chondrocytes requires HDAC6-
dependent tubulin deacetylation and functions to inhibit mecha-
nosensitive hedgehog signalling and ADAMTS-5 expression.
Chondrocytes experience a variety of mechanical or physico-
chemical stimuli during physiological joint loading such as
compressive, tensile and shear strain, ﬂuid ﬂow, electrical stream-
ing potentials and changes in pH and osmolarity (for review see36).
While tensile strain may only be a small component of this physi-
ological load the effects of tensile strain on chondrocyte function
have been widely studied in 2D culture37e39. In the context of the
current study, this model is advantageous as it provides a sensitiveand highly reproducible system in which to reliably measure small
changes in cilia length.
Mechanosensitive hedgehog signalling has previously been re-
ported in immature chondrocytes26,35 but this study is the ﬁrst to
demonstrate the response in adult chondrocytes. This has impor-
tant consequences for understanding the aberrant activation of
hedgehog signalling in OA which promotes cartilage degeneration
through the upregulation of ADAMTS-521. In agreement with our
ﬁndings, Shao et al. recently used chemical disruption of the ciliary
structure to demonstrate a requirement for the cilium in mecha-
nosensitive hedgehog signalling in growth plate chondrocytes35. In
contrast with the current study, Ihh expression was shown to be
down-regulated by cilia disruption perhaps highlighting a key
difference between mature and immature cells. Indeed, during
skeletal development hedgehog signalling promotes chondrocyte
hypertrophy and thus further Ihh expression23,40 however the
function of hedgehog signalling for healthy articular cartilage is
unclear.
The present study demonstrates that mechanical loading re-
duces primary cilia length in a strain dependent manner. In artic-
ular cartilage, the mean length of chondrocyte primary cilia in the
superﬁcial zone is 1.1 mm. This is approximately 27% shorter than
reported for deep zone chondrocytes for which mean cilia length is
1.5 mm9. Our data suggests that zonal variations in a chondrocytes
mechanical environment might be directly responsible for these
differences as several studies have reported that the cells of the
superﬁcial zone are subjected to the greatest levels of both
compressive and tensile strain41. The extent of cilium disassembly
observed in the current study is less dramatic than the 30%
reduction in length observed following prolonged dynamic
compression of chondrocytes in agarose7. This suggests that
different types of stimuli, or differences in the intensity and
Fig. 5. Primary cilia disassembly regulates mechanosensitive ADAMTS-5 expression. Changes in ADAMTS-5 expression for (A) bovine articular chondrocytes subjected to 10% or
20% CTS or unstrained control period for 1 h and (B) bovine articular chondrocytes subjected to 20% CTS for 1 h in the presence of Tubacin (500 nM) or the carrier DMSO (control).
Data is expressed as a fold change relative to the mean of the untreated or unstrained control group. Data represents mean  CI (n ¼ 6e8). Statistical signiﬁcance was assessed by
two-way ANOVA with post hoc Bonferroni corrected t-tests.
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different extents. Indeed, a similarly low level of cilia disassembly
was observed for chondrocytes in situ during short-term osmotic
loading where cilia length was reduced by just 10%42.
The inﬂuence mechanosensitive disassembly exerts over the
function of the cilium as a ﬂow sensor is well studied15,43,44.
However, while cilium disassembly is hypothesised to modulate
other signalling pathways this has not been demonstrated in
chondrocytes prior to this study. For the ﬁrst time we show that
loading-induced chondrocyte cilia disassembly inﬂuences mecha-
nosensitive hedgehog signalling and ADAMTS-5 expression at high
strains. Remarkably, the 15% reduction in cilia length observed at
20% strain was sufﬁcient to completely inhibit mechanosensitive
hedgehog pathway activation and ADAMTS-5 expression. These
data indicate that hedgehog signalling is highly sensitive to changes
in primary cilia length. In osteoarthritic cartilage there is a 50%
increase in the number of ciliated cells and an increase of approx-
imately 20% in mean primary cilia length9. Our data suggests that
this modest increase will be more than sufﬁcient to inﬂuence cilia-
mediated hedgehog signalling and may therefore explain the
aberrant upregulation of this pathway reported in OA21.
In the present study the inhibition of HDAC6 prevented strain-
induced cilia disassembly and at least partially restored mecha-
nosensitive hedgehog signalling (Fig. 4) and ADAMTS-5 expression
at 20% strain [Fig. 5(B)]. It is unclear how tubulin deacetylation is
inﬂuencing this pathway. However the ﬁndings agree with pre-
vious studies which show that HDAC6 is required for cilia disas-
sembly in response to heat shock and that this inhibits hedgehog
signalling34. While destabilisation of the axoneme might be
inﬂuencing IFT and the trafﬁc of Gli proteins through the cilium,
previous studies have also linked ciliary dysfunction to changes in
whole cell HDAC6 activity and tubulin acetylation levels45. While,
gross changes in the level of whole cell tubulin acetylation were
not observed in this study (not shown), subtle changes in the
acetylation status of cytoplasmic microtubules could potentially
affect cellular function by modulating kinesin motor activity and
thus microtubule transport throughout the cell46. Alternatively,
the actin regulatory protein cortactin is reportedly a substrate of
HDAC6 and the increased activity of this enzyme could affect
ciliary structure through changes in actin dynamics47. Gradilone
et al. have recently reported that increased HDAC6 expression in
cholangiocarcinoma disrupts hedgehog signalling and promotestumour growth through the modulation of cilia structure18.
HDAC6 inhibition was able to restore cilia function and rescue the
signalling defect such that a reduction in tumour growth was
observed. This and the current study highlight HDAC6 as a
potentially targetable element which could be used to adjust cilia
structureefunction in vivo.
In summary, we have shown that mechanically induced cilia
disassembly occurs in an HDAC6 dependent manner in healthy
articular chondrocytes and attenuates mechanosensitive hedgehog
signalling and ADAMTS-5 expression at higher strains. We propose
that low levels of mechanical loading may activate hedgehog-
mediated matrix degradation, but that cilia disassembly at higher
strains provides a chondroprotective mechanism such that hedge-
hog signalling is prevented. The study highlights the sensitive
relationship between primary cilia length and hedgehog signalling.
Thus the aberrant upregulation of hedgehog signalling reported in
OA21 may be directly related to an increase in cilia length9. Conse-
quently this study provides further evidence of the importance of
primary cilia structure in cartilage development, health and disease.
Author contributions
All authors were involved in the drafting of this article or
revising it critically for important intellectual content, and all au-
thors approved the ﬁnal version to be published.
Study conception and design: Thompson, Knight, Chapple.
Acquisition of data: Thompson.
Analysis and interpretation of data: Thompson, Knight, Chapple.
Conﬂict of interest
The authors declare no conﬂict of interest.
Role of the funding source
This work was supported by the Biotechnology and Biological Sci-
ences Research Council (BBSRC) [grant number BB/E009824/1 to
JPC]; CT was funded by a BBSRC studentship [grant number BB/
F016913/1].
Acknowledgements
The authors wish to thank Dr AKT Wann for helpful suggestions
and discussion throughout the course of this study and for editing
C.L. Thompson et al. / Osteoarthritis and Cartilage 22 (2014) 490e498 497of the manuscript and Courtney Haycraft and Sue McGlashan for
the establishment of the ORPK cell model. We are grateful to
Humphreys and Sons for supplying the bovine forefeet.
Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.joca.2013.12.016.
References
1. Wheatley DN, Wang AM, Strugnell GE. Expression of primary
cilia in mammalian cells. Cell Biol Int 1996;20:73e81.
2. Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, Jagger DJ, et al.
Disruption of BardeteBiedl syndrome ciliary proteins perturbs
planar cell polarity in vertebrates. Nat Genet 2005;37:1135e40.
3. Schneider L, Clement CA, Teilmann SC, Pazour GJ,
Hoffmann EK, Satir P, et al. PDGFR alpha alpha signaling is
regulated through the primary cilium in ﬁbroblasts. Curr Biol
2005;15:1861e6.
4. Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DY,
Reiter JF. Vertebrate Smoothened functions at the primary
cilium. Nature 2005;437:1018e21.
5. Huangfu D, Liu A, Rakeman AS, Murcia NS, Niswander L,
Anderson KV. Hedgehog signalling in the mouse requires
intraﬂagellar transport proteins. Nature 2003;426:83e7.
6. Rohatgi R, Milenkovic L, Scott MP. Patched1 regulates hedge-
hog signaling at the primary cilium. Science 2007;317:372e6.
7. McGlashan SR, Knight MM, Chowdhury TT, Joshi P, Jensen CG,
Kennedy S, et al. Mechanical loading modulates chondrocyte
primary cilia incidence and length. Cell Biol Int 2010;34:441e6.
8. Wann AK, Knight MM. Primary cilia elongation in response to
interleukin-1 mediates the inﬂammatory response. Cell Mol
Life Sci 2012;69:2967e77.
9. McGlashan SR, Cluett EC, Jensen CG, Poole CA. Primary cilia in
osteoarthritic chondrocytes: from chondrons to clusters. Dev
Dyn 2008;237:2013e20.
10. Wann AK, Zuo N, Haycraft CJ, Jensen CG, Poole CA,
McGlashan SR, et al. Primary cilia mediate mechano-
transduction through control of ATP-induced Ca2þ signaling in
compressed chondrocytes. FASEB J 2012;26:1663e71.
11. Phan MN, Leddy HA, Votta BJ, Kumar S, Levy DS, Lipshutz DB,
et al. Functional characterization of TRPV4 as an osmotically
sensitive ion channel in porcine articular chondrocytes.
Arthritis Rheum 2009;60:3028e37.
12. Chang CF, Ramaswamy G, Serra R. Depletion of primary cilia
in articular chondrocytes results in reduced Gli3 repressor
to activator ratio, increased Hedgehog signaling, and symp-
toms of early osteoarthritis. Osteoarthritis Cartilage 2012;20:
152e61.
13. Qin H, Diener DR, Geimer S, Cole DG, Rosenbaum JL. Intra-
ﬂagellar transport (IFT) cargo: IFT transports ﬂagellar pre-
cursors to the tip and turnover products to the cell body. J Cell
Biol 2004;164:255e66.
14. Waters AM, Beales PL. Ciliopathies: an expanding disease
spectrum. Pediatr Nephrol 2011;26:1039e56.
15. Besschetnova TY, Kolpakova-Hart E, Guan Y, Zhou J, Olsen BR,
Shah JV. Identiﬁcation of signaling pathways regulating pri-
mary cilium length and ﬂow-mediated adaptation. Curr Biol
2010;20:182e7.
16. Caspary T, Larkins CE, Anderson KV. The graded response to
sonic hedgehog depends on cilia architecture. Dev Cell
2007;12:767e78.17. Tran PV, Haycraft CJ, Besschetnova TY, Turbe-Doan A,
Stottmann RW, Herron BJ, et al. THM1 negatively modulates
mouse sonic hedgehog signal transduction and affects
retrograde intraﬂagellar transport in cilia. Nat Genet 2008;40:
403e10.
18. Gradilone SA, Radtke BN, Bogert PS, Huang BQ, Gajdos GB,
Larusso NF. HDAC6 inhibition restores ciliary expression and
decreases tumor growth. Cancer Res 2013;73:2259e70.
19. Verghese E, Weidenfeld R, Bertram JF, Ricardo SD, Deane JA.
Renal cilia display length alterations following tubular injury
and are present early in epithelial repair. Nephrol Dial Trans-
plant 2008;23:834e41.
20. Ryan KE, Chiang C. Hedgehog secretion and signal trans-
duction in vertebrates. J Biol Chem 2012;287:17905e13.
21. Lin AC, Seeto BL, Bartoszko JM, Khoury MA, Whetstone H, Ho L,
et al. Modulating hedgehog signaling can attenuate the
severity of osteoarthritis. Nat Med 2009;15:1421e5.
22. Wei F, Zhou J, Wei X, Zhang J, Fleming BC, Terek R, et al.
Activation of Indian hedgehog promotes chondrocyte hyper-
trophy and upregulation of MMP-13 in human osteoarthritic
cartilage. Osteoarthritis Cartilage 2012;20:755e63.
23. St-Jacques B, Hammerschmidt M, McMahon AP. Indian
hedgehog signaling regulates proliferation and differentiation
of chondrocytes and is essential for bone formation. Genes Dev
1999;13:2072e86.
24. Tchetina EV, Squires G, Poole AR. Increased type II collagen
degradation and very early focal cartilage degeneration is
associated with upregulation of chondrocyte differentiation
related genes in early human articular cartilage lesions.
J Rheumatol 2005;32:876e86.
25. Nowlan NC, Prendergast PJ, Murphy P. Identiﬁcation of
mechanosensitive genes during embryonic bone formation.
PLoS Comput Biol 2008;4:e1000250.
26. Wu Q, Zhang Y, Chen Q. Indian hedgehog is an essential
component of mechanotransduction complex to stimulate
chondrocyte proliferation. J Biol Chem 2001;276:35290e6.
27. Chowdhury TT, Bader DL, Lee DA. Dynamic compression in-
hibits the synthesis of nitric oxide and PGE(2) by IL-1beta-
stimulated chondrocytes cultured in agarose constructs. Bio-
chem Biophys Res Commun 2001;285:1168e74.
28. Larionov A, Krause A, Miller W. A standard curve based
method for relative real time PCR data processing. BMC Bio-
informatics 2005;6:62.
29. Lee DA, Brand J, Salter D, Akanji OO, Chowdhury TT. Quanti-
ﬁcation of mRNA using real-time PCR and Western blot anal-
ysis of MAPK events in chondrocyte/agarose constructs.
Methods Mol Biol 2011;695:77e97.
30. Iomini C, Tejada K, MoW, Vaananen H, Piperno G. Primary cilia
of human endothelial cells disassemble under laminar shear
stress. J Cell Biol 2004;164:811e7.
31. Gardner K, Arnoczky SP, Lavagnino M. Effect of in vitro stress-
deprivation and cyclic loading on the length of tendon cell cilia
in situ. J Orthop Res 2011;29:582e7.
32. Pugacheva EN, Jablonski SA, Hartman TR, Henske EP,
Golemis EA. HEF1-dependent Aurora a activation induces
disassembly of the primary cilium. Cell 2007;129:1351e63.
33. Haggarty SJ, Koeller KM, Wong JC, Grozinger CM, Schreiber SL.
Domain-selective small-molecule inhibitor of histone deace-
tylase 6 (HDAC6)-mediated tubulin deacetylation. Proc Natl
Acad Sci 2003;100:4389e94.
34. Prodromou NV, Thompson C, Osborn DP, Cogger KF,
Ashworth R, Knight MM, et al. Heat shock induces rapid
resorption of primary cilia. J Cell Sci 2012;125:4297e305.
C.L. Thompson et al. / Osteoarthritis and Cartilage 22 (2014) 490e49849835. Shao YY, Wang L, Welter JF, Ballock RT. Primary cilia modulate
Ihh signal transduction in response to hydrostatic loading of
growth plate chondrocytes. Bone 2011;50(1):79e84.
36. Urban JP. The chondrocyte: a cell under pressure. Br J Rheu-
matol 1994;33:901e8.
37. Millward-Sadler SJ, Wright MO, Lee H, Caldwell H, Nuki G,
Salter DM. Altered electrophysiological responses to mechan-
ical stimulation and abnormal signalling through alpha5beta1
integrin in chondrocytes from osteoarthritic cartilage. Osteo-
arthritis Cartilage 2000;8:272e8.
38. Huang J, Ballou LR, Hasty KA. Cyclic equibiaxial tensile strain
induces both anabolic and catabolic responses in articular
chondrocytes. Gene 2007;404:101e9.
39. Saito T, Nishida K, Furumatsu T, Yoshida A, Ozawa M, Ozaki T.
Histone deacetylase inhibitors suppress mechanical stress-
induced expression of RUNX-2 and ADAMTS-5 through the
inhibition of the MAPK signaling pathway in cultured human
chondrocytes. Osteoarthritis Cartilage 2013;21:165e74.
40. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM,
Tabin CJ. Regulation of rate of cartilage differentiation by In-
dian hedgehog and PTH-related protein. Science 1996;273:
613e22.41. Guilak F, Ratcliffe A, Mow VC. Chondrocyte deformation and
local tissue strain in articular cartilage: a confocal microscopy
study. J Orthop Res 1995;13:410e21.
42. Rich DR, Clark AL. Chondrocyte primary cilia shorten in
response to osmotic challenge and are sites for endocytosis.
Osteoarthritis Cartilage 2012;20:923e30.
43. Schwartz EA, Leonard ML, Bizios R, Bowser SS. Analysis and
modeling of the primary cilium bending response to ﬂuid
shear. Am J Physiol 1997;272:F132e8.
44. Resnick A, Hopfer U. Force-response considerations in ciliary
mechanosensation. Biophys J 2007;93:1380e90.
45. Berbari NF, Sharma N, Malarkey EB, Pieczynski JN, Boddu R,
Gaertig J, et al. Microtubule modiﬁcations and stability are
altered by cilia perturbation and in cystic kidney disease.
Cytoskeleton 2013;70:24e31.
46. Hammond JW, Huang CF, Kaech S, Jacobson C, Banker G,
Verhey KJ. Posttranslational modiﬁcations of tubulin and the
polarized transport of kinesin-1 in neurons. Mol Biol Cell
2010;21:572e83.
47. Sharma N, Kosan ZA, Stallworth JE, Berbari NF, Yoder BK.
Soluble levels of cytosolic tubulin regulate ciliary length con-
trol. Mol Biol Cell 2011;22:806e16.
